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ABSTRACT 


The occurence of the May 1951 hurricane of subtropical origin in the western Atlantic before the beginning of 
the usual tropical storm season was precedent-setting. Through an analysis of the hurricane an attempt is made 
to explain (1) the unusually early occurrence, (2) the difference between this hurricane of subtropical origin and the 
usual tropical storm, and (3) the movement as related to vertical structure, upper air flow, and distribution of ocean 
surface temperatures. The analysis suggests that the following factors contributed to the intensification of the 
incipient storm which began in connection with a cold high-level Low: (1) superposition of a divergent upper-wind 
field; (2) heating of the surface layers of the air mass by the Gulf Stream; (3) occurrence of unusually low temperatures 
at high levels. The movement of the surface center is found to be in accord with the stream flow at the top of the 
warm core between the 700- and 500-mb. levels. A possible influence of the ocean surface temperature distribution 
is suggested on the basis of a striking coincidence between the Gulf Stream axis and the storm track. 
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INTRODUCTION 


The hurricane season in the western Atlantic area is 
generally acknowledged to be June through November. 
However, on the morning of May 17, 1951, a ship about 
125 miles east of Daytona Beach, Fla., reported winds of 
50 to 60 m. p. h. and waves 25 to 30 feet high. This was 
the first positive indication that a weak subtropical vortex 
had begun the intensification that was to result in a 
Precedent-setting early season hurricane. Later in the 
day, aircraft reconnaissance confirmed the existence of a 
storm center about 80 miles off the Florida coast moving 
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slowly southward, accompanied by winds of hurricane 
force. Subsequently the hurricane produced wind speeds 
of over 100 m. p. h. It aimed first at the Florida coast, 
but looped across the extreme northern Bahamas, then 
feinted at the middle Atlantic coast before turning east- 
ward off the Virginia Capes. The track is shown in 
figure 1. 

Although this hurricane was unique in that it was the 
first of its type noted so near to the United States coast 
outside the usual tropical storm season, a study of weather 
maps of the Atlantic area reveals quite similar cases of 
hurricanes, or near hurricanes, in the subtropic Atlantic 
even in midwinter. These have been far at sea for the 
most part, in the lesser-traveled portions of the Atlantic, 
and have therefore attracted little notice. Simpson [1] 
and Riehl [2] have called attention to this fact, and the 
Atlantic maps reveal an example as recently as January 
1951 in which a storm, devoid of fronts and exhibiting 
most of the characteristics of a tropical storm, produced 
a wind speed of over 60 m. p. h. north of the Leeward 
Islands. 

Analysts familiar with the North Atlantic recognize the 
cold-core Lows which occasionally appear at high levels 
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FIGURE 1.—Average May ocean surface isotherms (° F.) (thin lines) and hurricane 
track May 15-24, 1951 (heavy line; broken portions of track represent incipient and 
dissipating stages; open circles give positions of storm center on dates indicated by 
plotted numbers with A for a. m. and P for p. m.). 


southwest of the Azores, frequently extending their 
influence downward to induce a surface low pressure 
center. The upper-level systems often drift southwest- 
ward but the surface perturbation may follow a curved 
path, apparently under the influence of the upper-level 
winds. Some of these move southwestward and behave 
much as tropical storms; others move northward, en- 
counter a colder air mass, and develop as wave dis- 
turbances. Simpson [1] has described similar systems 
in the Pacific near the Hawaiian Islands, known as “ Kona”’ 
Lows, some of which develop into severe storms with 
tropical characteristics. He found these to be very 
delicately balanced thermodynamically, ordinarily cold- 
core but becoming warm-core in the lower levels coinci- 
dental with the development of the wind and rainfall 
profiles of tropical storms. Many such cases of cyclo- 
genesis in the subtropical Atlantic outside the usual 
hurricane season do not lend themselves to frontal analysis, 
nor do they have the exact characteristics expected of a 
tropical storm. The May hurricane falls in this category. 

The purpose of this paper is to analyze the precedent- 
setting hurricane of May 1951 in an attempt to explain 
three features of the storm: first, the reason for the 
occurrence preceding the beginning of the usual tropical 
storm season; second, the difference between this hurri- 


FiaurE 2.—Sea level weather chart, 1930 EST, May 15, 1951. 


cane, originating in the subtropics, and the usual tropical 
storm; third, the movement as related to the vertical 
structure of the hurricane, and the possible effect of the 
ocean surface temperature distribution. 


CONDITIONS PRECEDING FORMATION OF HURRICANE 


On May 12, an active cold front in a sharp low pressure 
trough passed eastward from the Atlantic coast. By the 
13th it was near Bermuda. At first the trough was 
marked at the surface but not pronounced aloft. Hov- 
ever, active cold air advection to the rear of the trough 
was apparent and the wave at the 500- and 300-mb. 
levels increased rapidly in amplitude. By the 14th s 
closed Low had formed and was completely secluded from 
the westerlies. Continued cold air advection had resulted 
in 300-mb. temperatures as low as —45° C. just east of 
Florida, in the western portion of the high-level Lov. 
This is about 7° lower than the usual seasonal values 
Concurrently, modification of the air mass in the lower 
levels west of the front was proceeding rapidly. At the 
850-mb. level the warming amounted to about 5° C. 0 
the 13th and 14th. The area in which this modificatiol 
was taking place corresponds with the axis of the Gul 
Stream where water surface temperatures are about 25° C. 
in May. Warming of the air to near the water temp 
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ature in the lowest level and to 10° C. at 850 mb., while 
—45° C. prevailed at 300 mb., was obviously conducive 
to instability. 

With the warming in the lower levels, the polar trough 
had weakened. In fact, at the 700-mb. level a col 
separated it from an induced wave in the easterly current 
farther south. This pattern continued with little change 
through May 15. The first conclusive evidence of the 
circulation of the incipient storm was at 1930 EST on 
May 15 (fig. 2). In the absence of sufficient reports to 
guarantee an exact analysis, the map was drawn to show 
the eddy originating at the stationary front. It may 
have begun as a minute vortex farther to the east, possibly 
initiated by a minor easterly wave. It is of no great 
moment since the front was rapidly dissipating and little 
more than a slight wind velocity shear-line remained. As 
the polar air mass was becoming greatly modified, and the 
air was practically homogeneous, it was impossible to 
delineate the front on subsequent charts. 

For the 24 hours following its appearance at 1930 EST 
on the 15th, the weak surface vortex moved in an arc 
closely parallel to the 700- and 500-mb. level contours. 
There was little deepening of the surface system during 
this period. At the same time the upper-level Low, 
beneath which the surface eddy was drifting, showed a 
slight movement towards the southwest. By 1930 EST 
of the 16th, the surface perturbation had moved to a 
position over the warmest portion of the Gulf Stream 


(fig. 1). 
SOME FEATURES OF CYCLOGENESIS 


Simultaneously with the arrival over the Gulf Stream, 
the vortex was reaching a position where the circulation 
in the upper troposphere appeared favorable to deepening. 
It is generally agreed that high-level divergence is a 
necessary element in the mechanism for the mass removal 
of air from the central portions of a hurricane. Pre- 
viously, a field of convergence at high levels was over the 
path the surface center had followed. Now as the center 
was passing under the influence of the wind field between 
the upper cyclone and the High to the northwest, upper 
divergence was more in order. (See fig. 3.) Riehl [3] has 
described the dynamics of such superposition of high- and 
low-level pressure systems brought about by the inter- 
action of the polar westerlies and the trades. This 
superposition appears to be one of the important factors 
in tropical cyclogenesis. Roland and Plouff [4] have 
also noted the applicability of this hypothesis to the May 
hurricane. 

A clue to a source of energy for cyclogenesis can be 
found in the vertical structure of the air. Figure 4 is a 
sounding taken at Miami, May 16, 1951, at 1500 GMT. 
While it cannot be stated positively that this is representa- 
live of the vertical structure of the air in which the storm 
formed, there is good evidence that it is. At Tampa, also 
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Fiaur& 3.—300-mb. chart, 1000 EST, May 16, 1951. Contours in feet (thin solid lines); 
isotherms in ° C. (dashed lines); sea-level path of incipient vortex (dotted line). A is 
the position of first definite closed circulation. From A, the vortex followed track 
(heavy solid line) to B, the position of deepening to hurricane intensity. 
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Ficure 4.—Upper air sounding at Miami, Fla., 1000 GMT, May 16, 1951. 
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Figure 5.—Sea level weather chart, 0730 EST, May 18, 1951, with superimposed 500- 
mb. contours (dashed lines) 2200 EST, May 17, 1951. Arrows indicate: I—path of 
hurricane; II—path of secondary Low; I1I—path of 500-mb. Low. 


in the same general air stream downwind from the point 
where cyclogenesis occurred, a similar sounding curve was 
obtained. Furthermore, both soundings showed the 
characteristic subsidence inversion of the southern edge 
of the High and the rather steep lapse rate below the 
inversion, produced by the rapid surface heating. 

Up to a certain point, the inversion was sufficient to 
restrict convection, concentrating the moisture below the 
700-mb. level. However, as the surface vortex moved 
across the axis of the Gulf Stream, three influences united 
to extend the convective processes to higher levels. These 
were: (1) active surface heating; (2) convergence in the 
surface layers; and (3) highly unstable lapse rate above the 
inversion. Strong convective instability existed between 
the surface and the 300-mb. level, or higher, and this 
apparently supplied a large amount of energy for the 
cyclogenesis. 

Before some further aspects of the vertical temperature 
distribution and its implications are discussed it may be 
well to emphasize the importance, in the deepening of the 
surface vortex, of the concurrent features already men- 
tioned. It might be noted that a second vortex (see 
fig. 5) with quite similar characteristics, lacked two of 
these potent factors in its history and failed to produce 
winds of more than about 45m. p.h. The factors missing 
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in this case were (1) trajectory over the warmest portiop 
of the Gulf Stream, and (2) divergence at upper levels 
which was not present in the eastern section of the high. 
level Low. This is attractive circumstantial evidence of 
the importance of these two factors in the development of 
the first vortex, and the failure of the second one similarly 
to intensify. However, sufficient data are not available 
to draw any positive conclusions. 

With respect to the lapse rate and moisture distribution 
prevailing in the area in which the storm developed, the 
following appears pertinent: Riehl [3] has suggested tha 
the optimum conditions for tropical cyclogenesis requir 
that the temperature distribution and moisture content of 
the air be such that large scale vertical circulations cap 
develop. He points out that if the air mass which is sub. 
jected to surface convergence and forced ascent is not 
saturated, sufficient cooling will take place in the rising 
air, contrasted with adiabatic warming in the descending 
current, to nullify the horizontal temperature gradient of 
the convective cell. The central portion of the storm 
would then become cooler than its surroundings and the 
circulation would die. In a nonsaturated air mass, only 
local and small-scale vertical overturning would oceur, 
resulting in the dissipation of the energy in local shower, 
In the present case, an inversion (fig. 4) was present to 
cap the convection and the intense flux of heat and mois- 
ture from the warm surface was confined to levels below 
the 700-mb. surface. 

The modified polar air was still not as moist as maritime 
tropical air. (This fact was subsequently borne out by 
the lack of rainfall as heavy as that of the usual tropical 
storm.) However, the air was becoming very unstable 
and the moisture content was increasing. Furthermore, 
the moisture deficiency was to some extent compensated 
for by some other unique features of this storm. 


OCEAN SURFACE TEMPERATURE PATTERN 
EFFECT ON CYCLOGENESIS 


One of the unique features of the storm was its path over 
the warmer portions of the Gulf Stream at a time of year 
when the temperature difference between it and the 
surrounding waters is quite marked (fig. 1). This path 
resulted in a continuous supply of warm air from the 
surface being available to the central portion of the storm. 
Less rapid modification of the surrounding air mas 
assisted in maintaining the proper temperature gradient 
between the inner and outer portions of the circulation. 

In a recent study, Mantis [5] states: “If the cyclones 
considered a thermodynamic engine for transforming heat 
energy into kinetic energy . . . only the radial difference 
in heating aids the process and the total amount of heat 
added is not important.” In view of this, the storm's 
position over the Gulf Stream at the time of intensification 
would assume special importance. In addition to the 
contribution of the Gulf Stream heating to the vertical 
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FicvrE 6.—September instability index lines showing difference (° C.) between tempera- 
ture of air lifted adiabatically from sea surface to 300 mb. and average free air tempera 
ture at 300 mb. 


instability, the radial temperature gradient was also 
affected by the unusual distribution of the heat source, 
i.e., the center of the vortex was over the warmest portion 
of the Gulf Stream while the outer portions of the cell were 
over somewhat cooler waters. The importance of this 
unique feature may be a partial explanation of why this 
was one of the more intense storms to develop in the 
subtropics. 

If air overlying an ocean is assumed to have been 
modified until the temperature of the lowest layer approx- 
imates that of the water surface and has an average 
humidity of 85 percent—not an unlikely condition—and 
then is lifted adiabatically to 300 mb., the difference in 
the resultant temperature and the average air temperature 
at 300 mb. is a rough index of the instability energy 
available. On this basis, Palmén [6] constructed charts of 
this value for the Atlantic and Caribbean and examined 
the likelihood of hurricanes in the various oceanic areas 
from the standpoint of vertical instability considerations. 
Figure 6 is a chart of this index for September, about the 
peak month of hurricane activity in the western Atlantic. 
Figure 7 gives the same data for the month of May. 

Although the water temperatures for any given month 
are not likely to vary much from the average values used, 
there is considerable aperiodic variation in the temperature 


FicurE 7.—May instability index lines showing difference (° C.) between temperature 
of air lifted adiabatically from sea surface to 300 mb. and average free air temperature 
at 300 mb. 


at the 300-mb. level. Comparison of figures 6 and 7 shows 
that the instability index actually averages less for May 
than for September, apparently due to the spring lag in 
warming of the ocean surface. This is in contrast to the 
spring maximum of instability over land. If, however, 
the absolute minimum temperatures at 300 mb. are used 
instead of the average values, it is found that the instabil- 
ity in May (index 18) exceeds the maximum likely in 
September (index 16). In the case of the May 1951 storm, 
it was extremely cold at high levels and the instability 
criterion approached the maximum May value, so that the 
instability was somewhat greater than is likely in any 
peak-of-season hurricane. This large degree of vertical 
instability resulting from cold high-level Lows over warm 
water surface appears to be an important, possibly a 
primary, factor in the development of many of the storms 
that occur in the subtropic belt, especially outside the 
usual hurricane season. 


POSSIBLE EFFECT ON MOVEMENT AND DECAY 


The great amount of instability energy available in the 
development stage of the hurricane was noted. If the 
vertical temperature distribution on*May 21 is investi. 
gated along the lines discussed in the preceding section, it 
is found that, as illustrated in figure 8, a temperature of 
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Ficure 8.—Vertical temperature distribution (dashed line connecting dots) at 36° N., 
74° W.as interpolated from constant pressure charts, 1000 GMT, May 21, 1951. Tem- 
perature of parcel lifted adiabatically from original temperature of 70° F. and 80 percent 
saturation at sea level is shown by solid line. Note that lower surface temperature 
would not favor convection. 


approximately 70° F. in the surface layer would be 
required to maintain the convective cell. Figure 1 shows 
how definitely the vortex curved abruptly eastward along 
the Gulf Stream axis, keeping within the area enclosed by 
the 70° ocean surface isotherm, and upon reaching the 
outer limit of this area, rapidly dissipated. No claim is 
made here that the control of the heating in the lower 
layers by the distribution of the water temperature was 
the determining factor in either the development or the 
path of this hurricane. However, the evidence certainly 
points to the conclusion that the ocean surface temperature 
charts should be given close attention in any forecast for 
storms developing in the subtropics since the vertical 
temperature distribution is especially critical in this type 
of cyclone. Furthermore, during the cooler seasons in 
which these storms occur, the water temperature contrasts 
are greater and currents such as the Gulf Stream more 
clearly defined. 


VERTICAL STRUCTURE RELATED TO MOVEMENT 


The concept of a steering level for tropical storms has 
been advanced and used with considerable success by 
Grady Norton of the Miami Hurricane Center (c. f., 
Gentry [7]). Basically, the theory is that the surface 


center will move approximately parallel to the wind 
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Fiaure 9.—Example of application of steering level concept to hurricane of October 18, 
1944. Charts show streamline analysis at the 20,000-ft. level where the circulation of 
the storm is still closed, and at the 25,000-ft. level which is above the closed circulation, 
The hurricane track is shown by dashed line. 


stream near the top of the warm core, which usually 
coincides with the top of the closed cyclonic circulation 
of the storm. Figure 9 shows an example of the method 
applied to the hurricane of October 18, 1944. Note that 
the closed circulation of the storm is still in evidence at 
20,000 ft. but not at 25,000 ft. The storm track on the 
25,000-ft. chart shows the agreement with the stream- 
lines at that level. Figure 5 gives some indication of the 
correlation of a portion of the path of the May hurricane 
with the flow at the 500-mb. level, which apparently 
was the best steering level in this case. To show the 
complete relationship between the track and the upper 
flow patterns throughout the storm’s history would require 
a lengthy series of charts, since the upper circulation was 
gradually changing during the 7- or 8-day period. For 
& more complete examination of this feature, the reader 
may refer to back chart files. 
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It does not appear that the storm circulation had dis- 
appeared at the 500-mb. level. However, analysis of the 
upper air charts indicates that between the 700- and 500- 
mb. levels there was a layer of minimum radial pressure 
gradient, coinciding with the top of the warm-core cell 
of the storm. Above this level the cyclonic circulation 
intensified and gradually merged with an extensive cold 
Low at higher levels. Fair results would have been ob- 
tained by the use of a steering level higher or lower than 
the 500-mb. level for certain portions of the storm’s 
track but the best over-all correlation was found with the 
500-mb. chart. 


CONCLUSIONS 


The analysis presented in this study indicates that a 
combination of several favorable circumstances led to the 
preseason occurrence of the hurricane in May 1951. The 
hurricane began in connection with a cold high-level Low 
at subtropic latitudes. It appears that superposition of a 
divergent wind field at upper levels over the incipient 
storm was an important feature of the intensification. 
Heating of the surface layers of the air mass by the Gulf 
Stream and the unusually low temperatures aloft were 
also contributing factors. There was a striking coinci- 
dence between the track and the sea surface isotherm 
pattern, which indicates a possible influence of the sea 
surface temperature field on the storm’s path. The 
movement of the surface center was in accord with the 
streamflow at the top of the warm core of the hurricane 
and paralleled the constant-pressure contours at about 
the 500-mb. level. 

Storms such as this one are believed to comprise a 
category distinct from the extratropical, and the usual 
tropical cyclone. They are associated with a cold-core 
Low which becomes warm-core in the lower levels with 
intensification. 
sequently of the steering level, appears to be at a con- 
siderably lower level than for a pure tropical storm with a 
similar radial pressure gradient. 


The top of this warm core, and con- - 
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It is felt that some distinctive term should be used to 
designate this particular type storm. Simpson [1] has 
suggested “subtropical cyclone”. Further research should 
reveal whether it is a distinct type with no counterpart 
in the tropics or whether it may occur also in the tropics 
as @ variation of the usual tropical storm structure. 
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THE WEATHER AND CIRCULATION OF OCTOBER 1951’ 


H. F. HAWKINS, JR. 
Extended Forecast Section, U. S. Weather Bureau, Washington, D. C. 


The 700-mb. circulation pattern for the month of affecting North America was the ridge over the Yukop 
October (fig. 1) shows a fairly flat westerly flow dominat- Territory, tilted northwestward at higher latitudes to , 
ing the weather of the United States. There were four positive animaly center over Alaska. The fast westerlias 
weak troughs in the country or nearby: 1. off the At- of the eastern Pacific and the marked diffluence over the 
lantic Coast, 2. from southern Nevada south-southwest- western United States suggest that the trough over the 
ward, 3. from Colorado northeastward to Lake Superior, Great Plains was typical of the type formed to the lee of 
and 4. across the Washington-Oregon border. Height the Rocky Mountains. 
departures from normal were rather weak with a negative The European weather and circulation were sufficiently 
center over the Pacific Northwest and a stronger positive anomalous to warrant some mention in this résumé. Figure 


center over New England. The most conspicuous feature 1 shows that the largest positive height anomaly in the 


northern hemisphere (+450 ft.) was centered over south. 
1 See Charts I-XV following page 204 for analyzed climatological data for the month. | FM Scandinavia, just north of a strong (10,200 ft.) warm 
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FicuRE 1.—Mean 700-mb. chart for the 30-day period October 1-31, 1951. Contours at 200-foot intervals are shown by solid lines, intermediate contours by lines with long dashes 
and 700-mb. height departures from normal at 100-foot intervals by lines with short dashes with the zero isopleth heavier. Anomaly centers and contours are labeled in tens of 
feet. Minimum latitude trough locations are shown by heavy solid lines. 
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anticyclone of the blocking type over the Baltic Sea. 

This High first appeared during the last week of Septem- 

ber and persisted with minor oscillations until the week of 
October 17-24, when it temporarily disappeared, only to 

return and again dominate the region during the last 

week of October. The fine weather enjoyed by northern 

‘a and central Europe under this anticylconic regime was in 
0 ; sharp contrast to that experienced over the Mediterranean. 
, Such a block of the mid-latitude westerlies characteris- 
th tically diverts storms to the north and south of the warm 
® — High. In this case the diverted cyclonic activity to the 
south and the secondary storms generated in situ gave 
rise to damaging gales, heavy rains, and local floods in the 
central Mediterranean, where a cold closed Low (10,000 
utly Fi.) was centered at 700 mb. It is noteworthy that the 


4 European circulation and weather during this month 
ith. resembled that of the ‘Atlantic block”? described by 
um {1}. 


The center of cyclonic activity in the Pacific was located 
near the western Aleutians, with the upper level trough 
(fig. 1) tilting southeastward toward the Hawaiian Is- 
lands. Thus the Aleutian Low was much farther west 
than in September [2], although the major shift of this 
center of action did not occur until the latter half of 
October. The 700-mb. five-day mean map for October 
27-31, 1951 (fig. 2) is fairly representative of the circula- 
tion during the second half of October. The intense 
Aleutian Low and the deep trough west of the Hawaiian 
Islands combined to produce a strong warm High in the 
eastern Pacific. This pattern was intense enough to 
dominate the monthly mean, although the early period 
activity favored a Gulf of Alaska Low and a stronger 
West Coast trough. The Pacific westerlies were quite 
strong at middle latitudes, and numerous storms traversed 
the Pacific just north of the belt of maximum westerlies. 
The concentration of cyclonic activity in the Aleutians 
and Gulf of Alaska (Chart X) was closely associated 
with strong cyclonic shear at 700 mb. (fig. 1) and a pro- 
nounced trough at sea level (Chart XI). 

As might be inferred from the poor definition of the 
trough and ridge features over the United States shown in 
figure 1, the major cyclonic developments were neither 
geographically concentrated nor of exceptional intensity 
(Chart X). Several storms from the Gulf of Alaska 
entered the west coast between 45° and 55° N. latitude. 
These storms usually travelled southeastward after they 
crossed the Continental Divide, recurved near the mean 
trough over the Great Plains, and then swept northeast- 
ward through the western Lakes. Following the passage 
of these cyclones numerous secondaries formed on trailing 
cold fronts in the Rocky Mountain States or Western 
Plains in the eastern part of the area of below-normal 
700-mb. heights.? Four storms appeared during the month 
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FiGuRrE 2.—Mean 700-mb. chart for the 5-day period October 27-31, 1951. Contours at 
200-foot intervals are shown by solid lines, intermediate contours by dashed lines, and 
minimum latitude trough locations by heavy solid lines. Contours are labeled in tens 
of feet. 


in the Southwest and contributed to below-normal heights 
and a low latitude trough there on the mean. A few 
storms moved northeastward off the east coast of the 
United States in the trough at sea level and aloft. The 
steep profile of this trough at lower latitudes reflected in 
part the early period hurricane which passed over southern 
Florida and moved northeastward, and the tropical storm 
of mid-period which stalled north of the Bahamas for five 
days (Oct. 15-19). In general, cyclones which crossed 
North America during October were quite widely scattered 
latitudinally, as can be inferred from the lack of a well 
marked zone of strong cyclonic shear in figure 1. However, 
most of them deepened as they sped eastward and many 
reached their maximum depth in the vicit ity of the mean 
trough between Greenland and Iceland. This area was 
the seat of persistent cyclonic activity which led to 
below-normal heights at 700 mb. (fig. 1) and below-normal 
pressures at sea level (Chart XI, inset). The most intense 
storm was that of October 14 which deepened to a sea 
level pressure of 955 mb. 

The anticyclone tracks (Chart [X) showed even poorer 
definition in the sense that no preferred path was evi- 
denced. However, the mean sea level map (Chart XI) 
indicated the general prevalence of anticyclonic circula- 
tions over the Appalachians and northwestern Canada. 
These areas were characterized at 700 mb. by positive 
height anomalies and anticyclonic shear and curvature. 
The lack of cyclonic activity in these regions is indicated 
by Chart X. 

The mean surface temperatures and their anomalies 
over the United States (Chart I, A and B) show that 
cool air dominated the northwestern quarter of the 
country except for the Pacific Coastal region. Greatest 
negative departures were —5° F. in central Montana. 
Below-normal temperatures prevailed rather uniformly 
over that area where 700-mb. heights were below normal 
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and the flow was west-northwesterly behind the trough, 
despite the relative weakness of these features. Low 
temperatures in this region were caused partly by cool 
maritime air from the Pacific and partly by colder conti- 
nental air moving southeastward from the Alaska-Yukon 
area behind the cyclones as they traveled eastward. 
This tendency for cold Highs to penetrate southeastward 
became more pronounced as the period progressed. 
Comparison of figures 1 and 2 indicates that, during the 
last five days of the month, the ridge in Alaska and the 
eastern Pacific was considerably stronger and the United 
States trough considerably deeper than indicated by the 
monthly mean. Between these features a strong and 
extensive flow of air with a long fetch from the northwest 
was established. Under this circulation a massive cold air 
outbreak was spreading southward and southeastward 
over the whole United States as the month came to an end. 

The eastern half of the country enjoyed generally 
above-normal temperatures throughout the month (except 
for a brief cold spell from Oct. 10-14) under west-south- 
westerly flow and above-normal heights at 700 mb. 
Daily maximum temperature records of 90° were estab- 
lished at Chicago, Ft. Wayne, and Indianapolis, and 
of 96° at Macon, Ga. and Jacksonville, Fla. The positive 
temperature departures diminished farther south so that 
extreme southern Florida experienced near normal 
temperatures under the cyclonic northwesterly flow 
aloft. The warm weather of summer and early fall 
continued in Texas as strong westerlies in the eastern 
Pacific and the Nevada trough combined to protect that 
area from cold air invasions. In addition, above-normal 
heights and anticyclonic circulation aloft provided ample 
opportunity for abundant sunshine (Chart VII-B). New 
record daily maximum temperatures of 100° at Ft. 
Worth, 106° at Dallas, and 102° at Del Rio were recorded. 
The largest (+6° F.) monthly mean temperature anomalies 
in the entire country were observed in the area west of 
the Pecos, where the southwesterly fetch aloft was most 
pronounced. To a lesser extent the far Southwest was 
similarly warm except for occasional invasions by cool 
Pacific and Continental air masses following the low 
latitude storms which affected the area. This activity 
intensified during the last week of the month as heights 
rose in the eastern Pacific and a deep trough brought 
weekly temperatures in southwestern Nevada to as much 
as 6° below normal. The over-all temperature pattern 
in the United States was fairly similar to that of Sep- 
tember, a pattern which has been common during the 
past year [2]. 

The most striking feature of the precipitation totals 
and anomalies (Charts II and III) is the excessive pre- 
cipitation in the Pacific Northwest. State averages of 
209 percent and 298 percent of normal for Washington 
and Oregon, respectively, provided ample moisture for 
the northwestern hydroelectric installations. Abundant 
precipitation in this area was intimately related to the 
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presence of a center of negative height anomaly at 799 
mb., fast westerly flow impinging from the Pacific, the 
proximity of the principal storm path, and strong cyclonic 
shear aloft [4]. The trough in the Southwest was located 
east of the normal trough position off the west coast, 
It was conducive to the weak extension of the north. 
western precipitation toward Southern Nevada but was 
most effective in the production of precipitation over 
Arizona, Utah, and western New Mexico, where perennial 
water shortages make almost any precipitation welcome, 
There was, in addition, considerable precipitation over 
the central Rocky Mountain States, mainly on the cold 
air side of the boundary between above- and below-norma] 
temperatures. This precipitation resulted from cyclonic 
activity in a broad trough aloft, low level upslope effects, 
and overrunning of cold air from the west and southwest. 
This overrunning is well indicated by contrasting stronger 
than normal easterly flow at sea level (Chart XI and 
inset) with stronger than normal westerly flow aloft 
(fig.1). The area of heavy precipitation extended eastward 
from Colorado and Wyoming to the central Mississippi 
Valley in a zone of confluence at 700 mb. between warm 
southwesterly and cool northwesterly flows. There it 
merged with a conspicuous precipitation area in and 
east of the trough over the Great Plains. Frequent 
cyclonic activity was associated with this trough. Of 
these storms, those which were at lower latitudes and 
more intense drew directly upon the Gulf of Mexico 
as a source of moisture. As a result precipitation was 
abundant in most of the Mississippi Valley. 

The state-wide precipitation averages of the Eastern 
States were all below normal except for New England, 
New Jersey, and Florida. This dry weather was related 
to anticyclonic conditions at sea level and aloft and to 
diffuence of the upper level contours. Precipitation 
exceeded normal only in extreme coastal sectors, which 
were affected by tropical and wave disturbances moving 
up the trough along the Atlantic Coast. For inland 
areas of the Southeast the October precipitation deficit, 
together with the cumulative effect of similar shortages 
in earlier months, retarded crop growth and _ further 
damaged pasture conditions. The driest weather was 
noted in South Carolina where only 39 percent of normal 
precipitation was recorded. However, the dry spel 
provided excellent harvesting weather for this and 
adjacent areas. 

As the cold air from Canada entered the United States 
farther west than in most recent months, Iowa enjoyed 
a month of above-normal temperature, with a southerly 
flow component (relative to normal) at sea level and aloft. 
Less fortunate was its position in a confluence zone just 
east of the mean trough at 700 mb. This position 
quite conducive to precipitation, and a State average of 
136 percent of normal was recorded. This was unfortu- 
nate after a cold, wet growing season. The result was 
only slow growth and maturation of the late corn crop 
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during early October. In addition, harvesting and storage 
were seriously delayed by the wet, cloudy weather and 
the continued high moisture content of the corn itself. 
The early freeze of September [2] and the continued 
moisture had greatly reduced quality, so that estimates 
of equivalent yield have been sizably reduced. 

The anomalous intensity of the Hawaiian trough is one 
of the more significant features of figure 2. This trough 
intensified as the 700-mb. Pacific High split just to the 
west of Hawaii and cold air from higher latitudes was 
advected into the tropical area. The resulting cyclogenesis 
and convergence brought the first Kona storm of the season 
and widespread heavy precipitation even to those parts 
of the islands usually sheltered from the almost daily 
precipitation caused by orographic lifting of the prevailing 
northeasterly trades. 
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AN OCCLUDING WAVE, OCTOBER 7, 1951 
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On October 7, 1951, an open wave (fig. 1) moved across 
northwestern Ohio toward Detroit, Mich., and developed 
into a storm with an occluded front extending 300 miles 
from the low center (fig. 2). The favorable location of this 
storm relative to the observational network while occlud- 
ing suggested that this would be a suitable case for more 
detailed study than is usually possible. Too frequently 
| the larger scale picture captures our attention to the ex- 
clusion of the smaller scale features which are an essential 
part of the over-all processes. 

The following discussion will describe the results of an 
hourly analysis of both the cold front and the warm front 
as they moved across eastern Ohio and western Pennsyl- 
vania and occluded. 

In the examination of the frontal motions it became 
apparent that the topography had exerted considerable 
influence upon the occlusion process. Furthermore, it 
od was found that the two air masses in moving over the same 
| geographical features failed to exhibit the same reactions. 
a These two findings form the basis of this article. 


\ 
BACKGROUND INFORMATION Fiaure 1—Surface weather chart, 1230 GMT, October 7, 1951. Shading indicates ares 


In order to discuss the motion of the fronts it is necessary ee 
to know their positions 6 hours after the map time of figure 
1. At 1830 GMT, 65 to 70 miles of front had occluded 
along a line extending east and southeast from the low 
center, just east of Detroit, to the middle of Lake Erie. 
From this last point a cold front could be traced to the 
shore line 30 miles southwest of the Ohio-Pennsylvania 
border. Continuing southward the cold front extended 
through Youngstown, Ohio, and Wheeling, W. Va., to a 
location about 15 miles east of Charlestown, W. Va., 
where, for convenience, it can be disregarded for the pur- 
poses of this article. 

Going back and picking up the warm front at the 
point of separation from the cold front, over the Lake, 
it can be followed to the south shore where it intersected 
the land just southwest of Erie, Pa. From Erie it con- 
tinued southeast and southward to the west of Blairsville, 
Pa., south through a point mid-way between Elkins and 
— Petersburg, W. Va., to a position east of Roanoke, Va., 
where it ceases to be important to this article. 

Most of the following discussion on the behavior of the 
fronts is based upon a series of maps drawn for the data 
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obtained from the hourly sequences for the area including 
western Pennsylvania, eastern Ohio, and southwestern 
New York. FIGURE 2—Surface weather chart, 0030 GMT, October 8, 1951. 
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Before proceeding further it is useful to have a knowl- 
edge of the movement of the fronts prior to 1830 GMT. 
To determine the speed of the fronts on a comparative 
basis a line was drawn through Erie, Pa., so oriented as 
to be approximately parallel to the direction of motion of 
the Low, i. e., southwest-northeast. A second line was 
drawn parallel to the first, connecting Cincinnati, Pitts- 
burgh, and Blairsville, Pa. In the following discussion 
these lines will be referred to as the Erie or Pittsburgh 
line and any motion of the warm, cold, or occluded fronts 
will be as measured along either line. With this arrange- 
ment the fronts moved in such a direction as to render 
the Erie or Pittsburgh lines normal to the fronts. 

For 6 hours prior to 1830 GMT the cold front moved 
at an average speed of 30 m. p. h. along the Erie line and 
99 m. p. h. along the Pittsburgh line. In this same 
period the warm front moved at an average speed of 
97 m. p. h. along the Erie line and 26 m. p. h. along the 
Pittsburgh line. As usual uncertainties arise when an 
attempt is made to measure the progress of a front on a 
weather map; but dividing the time interval into two 
3-hourly periods, there is a difference along both lines 
between the first and second periods. Along both lines 
the rates of movement decreased during the last 3 hours 
and reference to a map would show that the fronts were 
approaching the Pennsylvania border where the topog- 


raphy rises rapidly. 
HOURLY MOVEMENT OF THE FRONTS 


At 1930 GMT, the warm front advance for one hour 
measured 25 miles along the Erie line and only 18 miles 
along the Pittsburgh line. Compared with the 6-hour 
rates, the higher value indicates the small retardation ofa 
front moving over comparatively open country while the 
smaller value indicates the influence of the rough country- 
side to the west of Blairsville. 

During this same hour the cold front was still travelling 
across relatively flat country and the eastward displace- 
ment measured about 38 miles along the Erie line and 
40 miles for the Pittsburgh section. These values, 
of course, don’t seem to support increasing influence of 
the terrain. In spite of numerous attempts to reinterpret 
the data on the maps the values still showed an increase 
in eastward progression for the cold front. At this point 
in the inquiry an explanation doesn’t seem obvious but 
this will be discussed later. At 1930 GMT the two 
fronts were about 30 miles apart near Pittsburgh and 
only 10 miles apart at Erie. 

In the following hour (1930-2030 GMT) the cold front 
overtook the warm front and approximately 300 miles 
of front occluded from a point over Lake Erie southward 
through Pennsylvania to a point about 50 miles north 
of Lynchburg, Va. The cold front had moved 38 miles 
ilong the Erie line during the past hour and 35 miles 
ilong the Pittsburgh line. These values represent the 
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distance between the position of the cold front at 1930and 
occlusion at 2030 GMT. 

On the basis of similar measurements, the warm front 
would appear to have moved 30 miles along the Erie line, 
but this is doubtful because the cold front must have 
overtaken the warm front some 13 to 15 minutes after 
the 1930 GMT observation. This, of course, is based 
upon the assumption of no change in rate of movement 
of the cold front, an assumption for which there is support. 
The distance from the cold front at 1930 to the occlusion 
at 2030 GMT, was 38 miles, which coincides with the rate 
of cold front movement during the previous hour. 
Curiously the warm front did not move any measurable 
distance from its previous position just west of Blairsville 
on the Pittsburgh line, and yet the cold frontadvanced 
through this same region with no decrease in speed. 

The analysis was carried for 1 hour beyond 2030 GMT 
to note what happened to the speed of the front, now an 
occlusion line. During the hour ending 2130 GMT the 
occluded front moved 35 miles along the Erie line while 
the movement along the Pittsburgh line was only 5 to 10 
miles. Thus for 1 hour the occluded front continued to 
move at the speed of the “old” cold front along the Erie 
line; but at the end of the following 3 hours its rate of 
motion had decreased to about 22 m. p. h. On the 
Pittsburgh line the occluded front finally got over the top 
of the highest ridges east of Blairsville and descending 
into more open country accelerated to a rate of 18 m. p. h. 
for the next 3 hours. 


FRONTAL MOTIONS AND TOPOGRAPHY 


The question arises as to just how well the influence of 
topography fits the facts as brought out in this short 
investigation. On the face of it, the action of the warm 
and cold fronts as related to the influence of topography 
seems contradictory. It might be worth while to review 
the preceding paragraphs then, to see if there is any 
consistent explanation for the situation which has been 
noted. 

For 6 hours in the open countryside of northern Ohio 
the warm front movement averaged around 26 m. p. h. 
then slowed down to 18 m. p. h., in the region east of 
Pittsburgh, and apparently came to a halt for a time at 
Blairsville. The warm front at the Erie line continued 
on for some time at a 30 m. p. h. pace before slowing down 
to 25m. p.h.for 1 hour. It then resumed the 30 m. p. h. 
pace until overtaken by the more rapidly moving cold 
front, after which time, it moved as an occluded front 
which decelerated to 22 m. p. h. during the last 3 hours of 
this investigation. 

The explanation of the movement of the section of the 
warm front along the southern shore of Lake Erie must 
involve the facts that the terrain is comparatively smooth 
in that region, the hills in that area are approximately 
parallel to the direction of motion of the storm center, 
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and the storm circulation was such that the air moved 
cyclonically around the south shore of Lake Erie to 
approach Erie, Pa., with very little decrease in speed. 
All this adds up to the frontal behavior noted in that 
region. 

If it is assumed that the upper air synoptic pattern did 
not change appreciably, the decrease in the speed of the 
advancing cold air after the occlusion process began may 
be attributed mainly to three factors which were operating 
in the lowest levels. In the first place, after occlusion 
had started, the retreating cold air now to the east of the 
advancing cold front, being denser than the occluded 
warm sector air that had previously been in this position 
relative to the front, offered increased resistance to the 
advancing cold air. 

Secondly, the eastward component of velocity of air 
in the retreating cold mass was much less than in the warm 
mass. Hence, in resisting the change in momentum that 
would have been required for the front to continue to 
advance at its previous speed, the retreating cold air 
tended to slow down the advancing cold air. 

Thirdly, after occlusion started the field of solenoids 
became less pronounced than before, due to the density 
contrast being less between the cold air masses than 
between the cold and warm air. The net effect of the 
weakening of the solenoidal field across the front was to 
decrease the speed of the advancing cold air in the lowest 
layers. 

From the region of Erie southward the picture was quite 
different as has been shown by the measurements of the 
frontal speeds along the line through Pittsburgh. As 
noted earlier, the fronts moved uphill through western 
Pennsylvania and approached the vicinity of Blairsville. 
There the warm front slowed down almost to a halt, but 
the cold front moved through this same region with no 
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Fiaure 3—Atmospheric cross section, 1500 GMT, October 7, 1951. Thick solid lines and 
double lines are fronts. Thin solid lines are isotherms of air temperature (° C.) while 
dashed lines are isotherms of dew point temperature (° C.). 
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decrease in speed until the time of occlusion. Undoubtedly 
the warm front behaved as it did because of some relation. 
ship between the depth of the retreating cold air (easterly 
side of the warm front) and the height of the ridges, 
To explain, consider a mass of air of considerable dept) 
compared to the vertical irregularities of the terrain oye 
which it is passing (these irregularities are assumed to }y 
of the magnitude and smoothness of the Allegheny, x 
contrasted with the Rocky Mountains) ; it would appea 
that a mass of cold air could move out of the mountains 4; 
a unit. Figure 3, for instance, illustrates what is being 
described. In the lower right hand corner the depth of 
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FiaugE 5—Atmospheric cross section, 0300 GMT, October 8, 1951. 
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the cold air mass exceeds the height of the generalized 
mountain range. 

Now consider the air particles in the cold air as moving 
eastward in the space defined by the surface of the earth 
and the frontal boundary above. According to the prin- 
ciple of continuity, the air particles above the mountain 
ridges would move on eastward to be replaced by other 
particles moving up and out of the valleys, thereby help- 
ing to maintain the flow to the east. So long as this 
transfer process continues, mass is gradually shifted from 
the west toward the east and so the intersection of the 
front with the ground will move along (as a warm front) 
in the direction of the moving air particles. This process 
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should continue just so long as there is an unimpeded 
flow of air particles. 

This movement of air particles should diminish as the 
depth of the cold air mass decreases and, relatively, the 
blocking effect of the ridges increases. The ultimate 
result should be that the cold air at the surface of the 
earth should stop, or almost stop, moving until some new 
force is brought into play. This may be what happened 
when the warm front came to a near halt as previously 
noted. 

The advancing cold front from the west was able to 
make good progress through eastern Ohio as it did not 
move into the rough country, east of Pittsburgh, until the 
last hour or so before occluding. Here again, the depth 
of the advancing cold air was greater than the height of 
the topography below so that no retardation was noted 
until the cold air reached the highest ridges. By then, a 
greater amount of cold air was in mountainous country 
where, because of friction and disruption of flow, the push 
of the cold air behind the advancing front was reduced. 
The acceleration of the cold front for a time before the 
occluding process was related to the channeling effects pro- 
duced by the ridges which, for a time, were practically 
tangent to the surface isobars. 

Once the cold air got over the high ridges it had to 
perform work on the retreating cold air mass to the east 
and so, as was explained previously, the front decelerated. 


VERTICAL STRUCTURE OF THE FRONTS 


At the time this article was being planned it was thought 
that it would be a good idea to prepare cross sections of 


Fiaure 7—Time cross section, Pittsburgh, Pa. 


FiGurk 8—Time cross section, Mt. Clemens, Mich. 
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the occlusion because it was believed that the fortuitous 
timing of regular upper air observations might possibly 
result in some detailed information on the process. How- 
ever, the upper air picture turned out to be quite typical 
in this case. For instance, figure 3, shows the vertical 
structure of the open wave before the occluding took 
place and there isn’t much about it worthy of special 
comment except, perhaps, its resemblance to the classical 
model found in any good text. 

The salient feature of figure 3 is the tongue of dry air 
above the cold dome. This stream of air reached its 
lowest elevation in the region immediately east of the cold 
front, acting much like water flowing down the side of a 
smooth hill. This dipping toward the earth’s surface of 
the dew point lines and at the same time the opposing 
bulge, outward from the surface, of the isotherms of the 
air temperature can be interpreted as evidence that the 
air was moving over the top of the cold dome and de- 
scending the forward portion of the cold front. 

Figure 4 covers the same time as the preceding figure 
but represents a slice through the atmosphere to the 
north of the Low which was approaching Mt. Clemens, 
Mich., from the southwest. A glance at figure 1 will aid 
in understanding why the frontal surfaces show up as they 
do in this cross section. As noted in the previous paragraph 
there is a stream of dry air above the advancing cold 
front but in this latitude the mass of dry air is considerable 
and is displaced more downstream than one might normal- 
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ly expect. Its location corresponds to a sector of th 
storm to the north or northwest of the tip of the waye. 
To the east of Mt. Clemens the isopleths of temperatyy 
and dew point looping upward indicate the influx of warm, 
moist air to high levels. 

The next cross section (fig. 5) is interesting because it js 
somewhat of a “snapshot’’ of the occluding process ag jj 
was operating at the time of the 0300 GMT sounding, 4; 
first glance no action appears to be underway except that 
the cold air was advancing into the retreating cold air. 
but a closer look at details indicates that the greatest 
lifting of warm air was occurring in the narrow strip of 
space adjacent to the leading edge of the cold front, tha; 
is, from the point of intersection of the two fronts upward 
along the front to above the cold air over Mt. Clemens, 
From this last point to Joliet, Ill., the indicated cooling 
was a product of the cold air in the upper trough. 

Figure 6 is a picture of conditions aloft 12 hours after 
the time of figure 3. As with figure 5 the lifting was stil] 
most active in the region ahead of the advancing front 
which, at this time and latitude, was still acting as a cold 
front. Figures 7 and 8 are included to summarize by 
time cross sections the passage of events at two particular 
spots; the section at Pittsburgh sums up the activity 
typical of a station south of the center of the open wave, 
while the Mt. Clemens section depicts the changes that 
took place above a station at all times in the cold air to 
the north or northwest of the peak of the wave. 
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October 1951. M. W. R. 


B. Departure of Average Temperature from Normal (°F.), October 1951. 
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A. Based on reports from 800 Weather Bureau and cooperative stations. The monthly average is half the sum of the monthly 
average maximum and monthly average minimum, which are the average of the daily maxima and daily minima, respectively. 
B. Normal average monthly temperatures are computed for Weather Bureau stations having at least 10 years of record. 
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Chart III. A. Departure of Precipitation from Normal (Inches), October 1951. 
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B. Percentage of Normal Precipitation, October 1951. 
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Normal monthly precipitation amounts are computed for stations having at least 10 years of record. 
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Chart V1. A. of Cover Between Sunrise and Sunset, October 1951. 
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A. In addition to cloudiness, sky cover includes obscuration of the sky by fog, smoke, snow, etc. Chart based on 
visual observations made hourly at Weather Bureau stations and averaged over the month. B. Computations 
of normal amount of sky cover are made for stations having at least 10 years of record. 
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VII. A. Percentage of Possible Sunshine, October 1951. 


_B. Percentage of Normal Sunshine, October 1951. 
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A. Computed from total number of hours of observed sunshine in relation to total number of possible hours of 
sunshine during month. B. Normals are computed for stations having at least 10 years of record. 
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